ABSTRACT The Large-scale Superconductor Test Facility (LSTF) is an important part of comprehensive research facilities in support of China Fusion Engineering Test Reactor (CFETR). In order to protect the superconducting magnets from being damaged in quench accident, the Quench Protection System (QPS) should be designed to commutate the energy stored in the coils. The snubber circuit is used to reduce the reverse recovery current and voltage of thyristor in QPS, and it can impact the reliability and stability of the QPS. In general, the studies of snubber circuit are focused on the DC turn-off process of thyristor used in HVDC, which has small turn-off current. However, the turn-off current can reach to 100 kA in the QPS of LSTF. In this paper, a thyristor reverse recovery model is described, and the key parameters of reverse recovery current are obtained from the testing experiment. Based on the transient analysis of snubber circuit, a systematic approach is used to minimizing the resistance and capacitance of snubber circuit of QPS working condition is proposed. By the MATLAB simulation and comparison, minimum parameters of snubber circuit were obtained, and proved that the approach can improve the reliability and stability of system, while reduce the cost of QPS.
I. INTRODUCTION
The huge superconducting magnets are chosen for the higher current densities and the lower energy consumption of fusion reactor [1] . The state that the superconductor reverts to resistive state, is defined as quench, which can lead to conductor temperature overheating and potentially destruction with ohmic heating. Therefore, the QPS plays a significant role in the safety of superconducting magnets [2] , [3] . In case of quench accident, the energy stored in the coils should be rapidly removed by QPS. The rated parameters of QPS in LSTF are shown in Table 1 .
As shown in Fig.1 , the QPS in LSTF is mainly composed of three parts: main circuit (Vacuum Vircuit Breakers (VCB), Bypass Switch (BPS)), Discharging Resistor (R dc ) and Commutation Circuit (C, L and T ).
During normal operation of the superconducting magnets, the current flows through BPS. Once quench accident occurs,
The associate editor coordinating the review of this manuscript and approving it for publication was Taha Selim Ustun. BPS will open immediately, then the current will be transferred to VCB. After milliseconds, VCB starts to open and the thyristors turn on. A current pulse will be generated by charged capacitor C and the current flows through VCB to make an artificial zero crossing point, which provides an opportunity for VCB to open. When VCB totally interrupts the current, the quench current commutates to Discharge Resistor (DR) and the energy stored in coils begins to be dissipated. The action sequence of each switch to QPS is shown in Fig. 2 .
The working reliability of thyristors plays a crucial role in QPS. Once thyristors turn-off fails, QPS will not be able to commutate the current to R dc , which will result in irreversible damage to the coil due to the high temperature. The study found that the reverse recovery characteristic of thyristor is a major cause of turn-off failure. Therefore, the snubber circuit is designed to reduce the device voltage stress. However, unsuitable parameters of snubber circuit are ineffective with weak performance and unnecessary cost. Furthermore, the excessive energy stored in snubber capacitor may damage VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ the thyristors when them turned off. It is important to know which kind of parameter values are more decidable to system reliability and stability. After comparing and summarizing many parameter optimization methods of power electronics and power system fields [4] , [5] , a systematic approach to optimizing and minimizing the parameters of snubber circuit is proposed in this paper. Firstly, the thyristor reverse recovery model based on the pulsed turn-off current condition is built. Then the transient analysis of the snubber circuit during the reverse recovery process is carried out. Based on the transient analysis, the expressions of maximum reverse recovery voltage and dv/dt are derived. Utilizing the analysis results, a systematic approach to minimizing the resistance and capacitance of snubber circuit in QPS is proposed and a set of optimum and minimum parameters can be obtained by this approach.
A series of circuit simulations are carried out in MATLAB to verify the correctness of the analysis and calculation. The simulation results showed that this approach could get the most suitable parameters of the snubber circuit of QPS. In order to verify the advantage of the optimum parameters, the thyristor valve characteristics have been compared by applying the different snubber circuits, which integrated the optimum parameters and the experimental parameters. It can be concluded that the optimum parameters obtained from the introduced optimization method can ensure both reliability and economic efficiency of QPS.
II. THYRISTOR REVERSE RECOVERY MODEL A. SELECTION OF THE ANALYTICAL MODEL
Since the base region of thyristor has low doping concentration and large injection, the interior is filled with large number of carriers during the conduction period. When the current of thyristor gradually decays to zero, the excessive carriers cannot flow out of the region immediately, and the thyristor remains in the conducting state. By the time the excessive carriers (i.e. reverse recovery charge) are cleared, the thyristor will recover the ability for withstanding input voltage [6] . Then the reverse current is rapidly reduced from the maximum value to the steady-state leakage current value. As the current change rate di/dt in this period is very large, a high overvoltage will be generated in the external circuit inductor [7] - [11] .
The most basic analytical model of thyristor reverse recovery process is to assume that the thyristor turn-off completely when the reverse recovery current reaches the peak value I RM . A piecewise function is proposed to describe this model:
The advantage of this model is that the differential equations of equivalent circuits are easily to be solved, which facilitate the mathematical analysis of the process. In fact, the recovery processes of thyristor are soft-recovery, the reverse recovery current cannot be suddenly decayed to zero. Therefore, the mathematical analysis of the reverse recovery process should take the time constant τ into consideration.
There is another analytical model based on the physical model of thyristor. According to the basic structure and the physical process of carrier transport of thyristor, the current transfer equation, current continuity equation, semiconductor PN junction equation, circuit constraint equation and conservation charge equation are solved by using the antilocal model of concentrated charge [12] . The piecewise function of the current is given below and the current wave is shown in Fig 3(a) : Obviously, using exponential function to simulate the reverse recovery current can effectively overcome the shortcomings of the first mentioned model. It is suitable for most soft-recovery thyristors and can obtain more accurate results by this analytical model.
In addition, some literatures suggest that using hyperbolic function to make approximate the rising process of the reverse recovery current waves more natural and closer to the actual recovery current. The piecewise function of hyperbolic model is given in (3) and the current wave is shown in Fig 3(b) . However, when using the hyperbolic model, the reverse recovery current wave needs to be divided into three parts. Two time constants τ c and τ h need to be derived, which it is not suitable for general engineering applications [13] .
B. OBTAINING THE KEY PARAMETERS OF THE RECOVERY CURRENT
In (2), di/dt is the change rate of i r at the zero-crossing point t 0 , which is determined by external circuit parameters. In case of known I RM , the reverse current peak time t 1 can be obtained. Therefore, the key point of solving the parameters of recovery current is to get the value of I RM and time constant τ . The relationship between reverse recovery charge Q rr and time constant τ is shown below:
Solving the equation, the expression of τ can be obtained:
Therefore, after known the value of Q rr and I RM , τ can be solved to obtain the unknown reverse recovery current in analytical module. In reverse recovery process, Q rr is not only related to the peak value of the pulse current I p , but also to the current drop rate di/dt in zero-crossing point. So, Q rr = f (I p , di/dt). Then a series of testing experiments of the thyristor are carried out to obtain the turn-off characteristics under different pulse current. The test circuit and the test data are shown in Fig.4 and Table 2 .
The reverse recovery characteristic test results show that di/dt increases linearly with I p . The relationship curve is given in Fig. 5 .
Thus, the multivariate relation of Q rr about di/dt and I p can be consequently simplified to Q rr = f (di/dt). The expression can be simplified as follow: According to the test data from Table 2 , the equation (6) is calculated, and Q rr expression for di/dt can be obtained.
Use the same mothed, I RM expression for di/dt can also be obtained
It should be pointed out that (7), (8) are only applicable under this pulse current condition.
III. TRANSIENT ANALYSIS OF THE SNUBBER CIRCUIT IN QPS DURING THE REVERSE RECOVERY PROCESS
In order to better to understand the working principle of the snubber circuit, the theoretical analysis is carried out by reference the analysis under DC turn-off condition [14] . The results will be used in systematic design of the snubber circuit of subsequent section. At the beginning of reverse recovery process, the voltage of capacitor in commutation circuit is 7500kV. As the value of capacitor is relatively high and the time of recovery process is short, the capacitor can be simplified as a 7500kV DC voltage source. In addition, the current in superconducting magnet is constant 100kA as the inductance of magnet is much high, which can be seen as a 100kA DC current source. The preliminarily simplified circuit diagram is shown in Fig. 6(a) .
Then, a controllable current source is used to characterize the reverse recovery current. The final equivalent circuit diagram is shown in Fig. 6(b) .
The current of equivalent current source decays with the time constant τ , starts with an initial value I RM . The inductance inherent in the thyristor is assumed to be negligibly small. As described in the Section II, once the peak value of the pulse current I p and the current drop rate di/dt are obtained, the model parameter can be known. The voltage V is assumed to be constant throughout the process for simplify the analysis. Then, the differential equation of i can be given:
By using the exponential model, which has already been introduced previously to simulate the reverse recovery process, (2) can be regarded as the expression of i r . Then the simplified differential equation can be derived:
The circuit have three cases depending on the parameters of snubber circuit: underdamped case (ζ < ω 0 ), overdamped case (ζ > ω 0 ) and critical damped case (ζ = ω 0 ).
Once
(1) Underdamped Case (ζ < ω 0 )
i Un (t) = (A 1 cos ω r t + A 2 sin ω r t)e
where
And
And where
IV. PARAMETER OPTIMIZATION FOR THE SNUBBER CIRCUIT
The parameters of the RC snubber circuit of QPS depends on the operating conditions (external inductance, external voltage, and di/dt during the reverse recovery process) and the performance of thyristor itself (reverse current waveform under the given operation and circuit conditions). According to the design of QPS and the datasheets of the chosen thyristor provided by the manufacturer, the design requirement of RC snubber circuit for QPS of CFETR can be listed in TABLE 3. The optimization procedure may be stated in general terms in the following way: STEP 1: The values of I RM and τ for the thyristor using in the commutation circuit of QPS can be obtained by the formula (6) and (4) based on the reverse recovery experimental data of the thyristor valve. In this applied working condition, the thyristors are selected as MKPE 330-052 produced by ZhuZhou CRRC Times Co. According to the design of the QPS structure and components parameters: V = 7500V, L= 25µH, R dc = 0.05 , the current change rate can be simulated, which is 309A/µs. Then, the peak value of reverse recovery current I RM and time constant τ can be obtained by the method mentioned in Step 1, which is I RM = 1825.7A and τ = 7.9 × 10 −6 respectively. The expressions of Q rr and i RM are given in below.
In
Step 2, the maximum values of v d and v d /dt under various sets of R s and C s can be obtained based on the calculation results, which are shown in Fig. 7 and Fig. 8 . According to the design requirement of RC snubber circuit of QPS shown in Table 3 and the datasheet of the thyristor MKPE 330-052, the requirement of peak value of reverse recovery voltage of single thyristor is 5200V, and the requirement of the critical rate of commutating voltage equals to 2500V/µs. Considering the design safety margin, the peak value of reverse recovery voltage of four thyristors should be limited to less than 6240V and the maximum dv d /dt should be limited to less than 3600V/µs.
It can be found in Fig. 7 that the value of C s has significant influence to the peak value of v d . However, when the value of keeps rising, the impact begins to diminish. Also, there is a particular resistance value which minimizes the peak value of v d once the value of C s has been determined. Moreover, Fig. 8 shows the peak value of dv d /dt significantly increases with the increases of R s and is little affected by C s .
STEP 3:
In order to meet the requirement of dv d /dt, the maximum allowable R s should be obtained firstly. Fig. 9 shows the dv/dt max as a function of R s , which neglects the little influence of C s . Then, the allowable C s could VOLUME 7, 2019 be selected according to v d requirement and the maximum allowable R s . Fig. 10 shows the calculated maximum v d as a function of R s and C s , and the red box area corresponds to allowable combinations. Finally, the minimum combination of R s and C s can be determined. The optimum parameters of RC and the corresponding circuit characteristics are shown in Table 4 .
V. MODEL AND SIMULATION
In this section, a reverse recovery model of thyristor is built in MATLAB to simulate the reverse recovery process. Then, this FIGURE 11. The basic structure of improved thyristor model. Where, T is the original thyristor module from Power System Toolbox, i r is the reverse recovery current controlled by a controlled current source. model is applied in the circuit to QPU to verify the correctness of above analysis and calculation from the reverse recovery current and voltage.
A relatively simple thyristor module has been built to deal with the reverse recovery characteristics that current only decreases to zero without considering the reverse recovery process. Therefore, based on the built-in module of MAT-LAB, further improvement is made to add the appropriate reverse recovery model. The basic structure of the improved thyristor model is shown in Fig. 11 . The piecewise function with two stages is proposed in equation (2) . As mentioned in Section II, once di/dt is obtained, the value of Q rr , I RM and τ can be calculated by equation (24) and (25), which will be used to set the parameters of the controlled current source. Fig. 11 shows the structure of improved thyristor model built in MATLAB.
Then, the improved model could be added in the circuit diagram of QPS shown in Fig. 1 , and the parameters of RC snubber circuit are set to 11.3 and 0.8µF. The simulation results are shown in Fig. 13 . Table 5 compares the simulation data with theoretical calculation results. The simulation and data comparison results indicated the correctness of theoretical analysis and reverse recovery model building, and also verified the effectiveness of the selected parameters in improving recovery voltage characteristics of thyristor valve.
Furthermore, a set of contrast simulation was carried out to verify the suitability of both R s and C s . Fig 14 and Table 6 give the comparison of waveform and data with different value of snubber capacitor and resistor, respectively.
The simulation results show that the 0.8µF is the minimum value of C s , which can meet the requirement of recovery voltage. Also, when C s is determined to be 0.8µF, the peak value of recovery voltage could reach to its lowest value once R s is set to 11.3 .
VI. COMPARISON
In order to verify the advantage of the optimum parameters, the thyristor valve characteristics have been compared by applying the different snubber circuits, which integrated the VOLUME 7, 2019 optimum parameters and the practical parameters in use R s = 20 , C s = 5µF. The comparison of current and voltage waves are shown in Fig. 15 .
As the data shown in Table 7 , by the optimum parameters of the snubber circuit,the v d.max is reduced by 11% and dv/dt max is reduced by 43%. At the same time the cost the optimum parameters are only 1/7 of the practical parameters. It is concluded that reliability and economic efficiency can both be improved by the optimum parameters obtained by the introduced optimization method.
VII. CONCLUSION
This paper provides a mothed to optimize the snubber circuit parameters of thyristor valve in QPS, which guarantees the reliability of QPS by meeting the performance requirements of thyristor valve at lower cost. Firstly, the thyristor reverse recovery model was used to analysis the snubber circuit during reverse recovery process. Secondly, a set of experiments were carried out to search for change rule of the key parameters of the thyristor model. Then the transient process of the snubber circuit during the recovery process was analyzed. The expressions of various quantities of interest including maximum device stress v d.max and maximum recovery voltage change rate dv/dt can be obtained. Based on the analysis, a systematic approach to optimizing the resistance and capacitance of snubber circuit is proposed. The advantage of the optimum parameters mothed are verified by simulation and comparison. Generally, the optimization method of RC snubber circuit is valuable for the analysis of commutation overvoltage protection for various high power QPS in large fusion device.
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